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The streamfunction – vorticity formulation is implemented in a CFD code for the analysis of air flow patterns and 
temperature distributions in closed cavities, more specifically refrigerated cabinets and freezers. The model is based 
on the mass, momentum and energy conservation principles. The flow is treated as incompressible and the 
buoyancy terms are modeled according to the so-called Boussinesq approximation. The finite volume method and 
an iterative procedure are employed to discretise and solve the governing set of partial differential equations. The 
presented methodology is simpler than the traditional approach based on the primitive variables since the mass 
conservation principle is established at each iteration and there is no need for any additional treatment of the 
pressure – velocity coupling. The program performance is evaluated by comparisons with numerical benchmark 
solutions of classical buoyancy driven cavity flows found in the literature. Simulation results for a one door all-




u, v : velocity components [m/s] Greek symbols 
T : temperature [K] α : thermal difusivity [m2/s] 
To : reference temperature [K] ν : kinematic difusivity [m2/s] 
p : pressure [Pa] β : thermal expansion coefficient [K-1] 
k : thermal conductivity [W/m.K] ρ : specific mass [kg/m3] 
q : heat flux [W/m2] ψ : streamfunction 




Knowledge of the air flow patterns inside refrigerated cabinets is essential for the proper design of household 
refrigerators, specially in cases where natural convection is the only driver for the air flow. Both experimental and 
numerical approaches are often used for these studies. The latter is the focus of this work. 
Very few works dealing with heat and fluid flow inside refrigerated cabinets can be found in the open 
literature. Dirik et al. (1996) studied the 3D natural convection air flow inside an all-refrigerator using a 
commercial CFD package. Deschamps et al. (1999) developed a model based on the commercial package FLUENT 
to analyze the 3D air flow inside an all-refrigerator, considering both turbulence and thermal radiation effects. 
Cortela et al. (2001) analyzed the forced convection air flow inside a commercial open display cabinet using a 2D 
CFD code based on the streamfunction – vorticity formulation that incorporates a LES (Large Eddy Simulation) 
turbulence model.  
 
As a contribution to this field, this research effort is intended to develop a CFD code to be used in the 
modeling of a vapor compression refrigeration system coupled with a refrigerated cabinet as a whole (Hermes, 
2000). This paper focuses only in the CFD code development.  
 
The present model uses a methodology quite close to the one proposed by Cortela et al. (2001). The model 
equations are based on the streamfunction – vorticity formulation and on the thermal energy conservation principle. 
The buoyancy terms are modeled considering a constant-property Boussinesq fluid and the resulting set of 
equations is solved by the finite volume technique. The current model, although restricted to 2D applications, 
establishes a mass balance at each control volume, making the numerical algorithm faster and more robust. 
 
The mathematical model and the numerical techniques are firstly described. Secondly comparative analyses 
with similar works found in the literature are performed. Next comparisons with experimental data are performed in 
order to validate the proposed model. Finally the velocity and temperature distributions inside an empty household 





The phenomena associated with natural convection inside two-dimensional enclosures are governed by the 
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The following simplifying assumptions were adopted: incompressible laminar flow, negligible viscous 
dissipation, Newtonian and constant-property Boussinesq fluid. The first two assumptions are, in fact, a 
consequence of the Boussinesq approximation (see Kundu, 1990). For more information on the physics of natural 
convection inside closed cavities please see the works of Ostrach (1988) and Bejan (1995). 
 
The pressure, the temperature and the scalar velocity components, u and v, are the problem unknowns. In the 
absence of an evolutionary pressure equation, an algorithm for the pressure-velocity coupling must be employed 
(Patankar, 1980). 
 
An alternative formulation for this type of flow is the one based on the concepts of streamfunction, ψ, and 
vorticity, ω. For 2D problems, the former is defined as a line tangent to the velocity vector and the latter as the curl 
of the velocity field. From these definitions and through a series of algebraic operations, the following equations 
can then be derived: 
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This formulation offers some advantages when compared to the traditional formulation based on the primitive 
variables. The mass conservation principle, for example, is established for any streamfunction value. Therefore the 
required number of equations is reduced from four (u, v, p e T) to three (ψ, ω, T). An additional advantage is the 
elimination of the pressure terms in the Navier-Stokes equations. The difficulties in identifying the boundary 
conditions, specially for open boundaries problems, is one of the disadvantages of this methodology. 
Boundary Conditions 
 
Equations (4) to (6) are elliptical both in the x and in y directions and therefore two boundary conditions are 
required in each direction. The so-called non-slip boundary conditions were used for the velocities at impermeable 
static surfaces. For the streamfunction – vorticity formulation, the non-slip boundary condition can be expressed as 
(Roache, 1998): 
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where Tw is the cabinet wall temperature [K] and αw is the thermal diffusivity of the insulating foam [m2/s].  
 













where kw is the wall thermal conductivity [W/m.K] and qrad is the radiative heat flux between the internal surfaces 
of the cabinet and the evaporator [W/m2]. At the external surfaces, the boundary conditions were obtained by the 
well known Newton’s law of cooling: 
 
( )o,wo,w TTUq −= ∞  (11) 
 
where Tw,o is the cabinet external wall temperature [K], T∞ the surrounding air temperature (43°C), and U the 
overall heat transfer coefficient (7.0W/m2K). The radiative heat flux was calculated using a variation of the model 
presented by Incropera & DeWitt (1990) for radiative heat exchanges between black surfaces. The evaporator 
surface temperature was taken as a prescribed boundary condition (–20°C). The heat gain through the door gasket 




The resulting set of differential equations was solved through a finite volume methodology (Patankar, 1980). 
Such method is based on the discretization of the domain into non-matching small control volumes where the 
relevant variables are conserved. Expressing the differential equations for the scalar variables ψ, ω and T through 
an equivalent equation for the advective-diffusive transport of a generic scalar unknown φ, yields, 
 


























2 φφφφφ  (12) 
 
The above expression when applied to the typical cartesian control volume of the discretized domain shown in 
figure 1, yields: 
 
BAA NBNBPP =−∑ φφ  (13) 
 
In the above system of linear equations the NB subscript represents the neighborhood control volumes (N, S, E, 
W), Γ the diffusivity of the transport property φ [m2/s], and S the source term of equation (12). The resulting set of 
algebraic equations was grouped as shown in figure 2 and solved simultaneously through the conjugated gradient 
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Figure 2. Overall matrix of coefficients (example for a mesh with 3x3 control volumes). 
 
The simultaneous solution process implies in the storage of the transient terms in the source terms of the 





















It should be mentioned that at steady-state conditions, the artificial transient term will vanish and equation (14) 
will become identical to equation (6). It should also be noted that such procedure is totally equivalent to the use of 
sub-relaxation, and that it is only indicated for steady-state analysis. 
 
The discretization process employed a non-uniform cartesian mesh with a co-located grid. Additional cells 
were used in the external boundary of the domain. The mesh was generated algebraically from the equations 
proposed by Wood (1996). The time and space discretization adopted a fully implicit and a power-law interpolation 
scheme, respectively (Patankar, 1980). The developed algorithm, based on three iterative loops, is described below: 
 
• An external loop for the actual or pseudo transients, with time-steps of the order of 0.1s. The equations are 
considered solved when the sum of all relative errors is lower than 10-6 (pseudo transient) or when the 
length of time prescribed for the simulation is reached (actual transient). 
• An intermediate loop for the update of the matrix of coefficients. The convergence is achieved when the 
sum of all relative errors is lower than 10-6 (actual transient) or when a prescribed number of iterations is 
reached (pseudo transient). 
• An internal loop for the simultaneous solution of the set of linear equations. The convergence is achieved 
when the sum of all normalized residues is lower than 10-6. After that the scalar components of the velocity 





The program performance was evaluated by comparisons with numerical benchmark problems proposed in the 
literature. Two typical problems on square cavities flows were considered. The first problem is the one presented by 
Ghia et al. (1982), where the flow is induced by shear stresses in a square cavity through an upper horizontal plate. 
The second problem is the one presented by Hortmann et al. (1990), that is essentially a natural convection flow 
inside a square cavity formed by two insulated horizontal walls and two uniform but at different temperature 





A schematic representation of the refrigerator investigated in this work is shown in figure 3. Besides the 
geometric data only the surrounding air temperature (43oC) and the evaporator temperature (–20°C) were supplied 
to the computer code as input data. The inner liner surfaces were treated as flat plates, and the shelves were not 
considered in the present analysis. Mesh independent results were obtained for meshes with at least 1800 (30x60) 
control volumes. Although dynamic simulations can also be performed the current analysis focuses only in the 
steady-state results. 
 
Table 1 shows a comparison between the numerical and experimental air temperature values for a surrounding 
(test room) air temperature of 43oC. As one can see the experimental data were quite well reproduced by the 
computer code with a maximum absolute deviation of 1.7°C. 
 
It has to be stressed that such a level of agreement was only achieved because the boundary layer dominant 
flow inside the cabinet implies in weak convection and strong diffusion effects in the points located far away from 
the walls, mainly in the center points of the cabinet where the probes (thermocouples) were positioned. 
  
Figure 3. Vertical mid plane of the refrigerator under analysis. 
 
 
Table 1. Simulated versus experimental data. 
Probe location Results 
x-y coordinates [mm] Numerical [°C] Experimental [°C] Difference [°C] 
237 - 1117 9.1 7.4 1.7 
237 - 937 8.4 7.6 0.8 
237 - 677 8.0 7.5 0.5 
237 - 447 7.0 5.6 1.4 
302 - 147 7.9 6.4 1.5 
 
 
Figure 4 shows the steady-state temperature distributions, the streamlines and the computational mesh on the 
vertical mid plane of the refrigerator. It can be seen that the air is cooled by the evaporator and moves downwards, 
almost vertically. The lowest air temperatures are found next to the back wall and close to the compressor 
compartment. The warmer air close to the door moves upwards until it is again affected by the evaporator, forming 
a re-circulation area that prevails in most of the cabinet. A second re-circulation area can be observed in the upper 
part of the cabinet, and this explains the higher temperature levels in that region. In that area the diffusive effects 
are predominant due to the low air velocities. 
 
A third re-circulation area can also be observed in the channel formed between the back wall and the 
evaporator. The air confined in that region does not affect the internal air temperature distribution. On the contrary, 
the back wall temperature in that region becomes even cooler and this increases the thermal load, degenerating the 
refrigerator performance. This suggests that attention has to be given to the evaporator positioning and inclination 
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A simplified two-dimensional CFD model for predicting the velocity and temperature distributions inside 
enclosures was presented. The model reproduced typical numerical benchmark solutions of natural convection flows 
in an exact manner. Comparisons were performed with available experimental data and a reasonable level of 
agreement was found. A one-door Brazilian refrigerator was simulated and three re-circulation areas were detected. 
 
In recent years, knowledge regarding the air flow behavior inside refrigerated cabinets has become of great 
importance for engineering design. It is therefore necessary to predict the system performance well in advance and 
so to optimize the system design by minimizing the energy consumption. This paper presented a numerical model 
for the heat and fluid flow inside refrigerated cabinets that is a part of a household refrigerator overall simulation 
computer package. This kind of tool may be used not only to reduce the energy consumption but also to significantly 
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